INTRODUCTION
The genus Streptomyces accounts for the production of approximately two-thirds of the known antibiotics (1, 2) . By producing and expelling these compounds into their environment, these bacteria likely acquire a competitive advantage over other organisms inhabiting the same ecological niche. One such antibiotic, simocyclinone, a potent inhibitor of DNA gyrase produced by Streptomyces antibioticus Tu¨6040 (3) (4) (5) , consists of a chlorinated aminocoumarin connected to an angucyclic polyketide at the other end via a tetraene linker and a D-olivose sugar (6, 7) . Because antibiotics are often potentially lethal to the producing organism, there must be mechanisms to ensure that the machinery responsible for export of the mature antibiotic is in place at the time of biosynthesis. In the case of simocyclinone, such a mechanism is specified by two genes, simR and simX, embedded within the simocyclinone (sim) biosynthetic gene cluster (8) (9) (10) . The SimR/SimX pair resembles the TetR/TetA repressor-efflux pump pair that confers resistance to clinically important tetracyclines in several human pathogens (11) . Simocyclinone is exported from the producing organism by the SimX efflux pump, a member of the major facilitator superfamily. The transcription of simX is repressed by SimR, a TetR-family transcriptional regulator (TFR) that binds to two distinct operators in the intergenic region between the divergently transcribed simR and simX genes (9) . Simocyclinone abolishes DNA binding by SimR, inducing expression of the SimX efflux pump, providing a mechanism that couples the biosynthesis of simocyclinone to its export (9) .
TFRs are one of the major families of transcriptional regulators in bacteria (12, 13) . They function as homodimers, with each subunit consisting of two domains: an N-terminal DNA-binding domain (DBD) containing a helix-turn-helix (HTH) motif, and a C-terminal ligand-binding domain (LBD) (12, 13) . While the LBDs are diverse in amino acid sequence, reflecting the wide range of molecules to which different TFRs respond, the HTH DNA-binding motif is conserved and readily predicted bioinformatically. To date, the structures of only four TFRs bound to cognate DNA have been determined (TetR, DesT, CgmR and QacR), and it is clear that the mode of operator recognition differs from one member of the TFR family to another (14) (15) (16) (17) . For example, the tetracycline efflux pump repressor, TetR, binds as a dimer to a 15-bp operator and deforms the binding site by 17 , bending away from the protein in order to optimize the position of its HTH for specific base pair interaction (16) . In contrast, the multidrug efflux pump repressor from Staphylococcus aureus, QacR, binds its cognate DNA site as a dimer of dimers and bends its operator by just 3 , but widens the major groove to create an optimal DNA environment for a second QacR dimer to bind cooperatively nearby (17) .
Recently, we determined the structures of apo (unliganded) SimR and SimR in complex with either simocyclinone D8 (SD8) or its biosynthetic intermediate simocyclinone C4 (SC4) (18) . These structures revealed the same overall domain architecture for SimR as for other TFRs, including a classical HTH motif. However, SimR possesses an additional arginine-rich N-terminal extension that precedes the core DBD, which is significantly longer than those present in the four TFRs for which protein-DNA crystal structures are available (TetR, DesT, CgmR and QacR) ( Figure 1 ). With the exception of three residues, this 28 amino acid residue extension is disordered in both subunits in the SimR-SD8 structure, and it is only partially ordered in one subunit in the SimR-SC4 structure (18) . Consistent with this, the N-terminal extension of SimR is predicted to be disordered in solution.
Here, we show by deletion analysis that the flexible N-terminal extension of SimR plays an important role in DNA binding, and we present the crystal structure of SimR bound to its operator sequence, which shows that this extension binds in the minor groove adjacent to the major groove occupied by the classical HTH motif. Although the N-terminal extension is hypersensitive to proteolysis in vitro, it becomes protease resistant upon binding cognate DNA. Together these data suggest that the N-terminal extension transitions from a disordered to an ordered state upon DNA binding. Bioinformatic analysis of the entire TetR family shows that an N-terminal extension rich in positively charged residues is a feature of the majority of TFRs. Finally, comparison of the SimR-DNA and SimR-SD8 complexes reveals the conformational changes required to interchange between DNA-and ligand-bound states, which largely involve rigid-body motions of the subunits relative to one another.
MATERIALS AND METHODS

Protein overexpression and purification
The simR gene of Streptomyces antibioticus Tu¨6040 encoding a 259 amino acid protein was chemically synthesized with codon optimization (Genscript) for expression in Escherichia coli and was subsequently engineered for expression with a C-terminal hexa-histidine (His 6 ) tag for nickel affinity purification. Construction of the vector for expression of C-terminally tagged protein, pIJ10499, has been described previously (18) . This results in a purified protein with an additional 8 amino acid residues at the C-terminus of the native sequence (with sequence LEHHHHHH), giving a total molecular weight of 30 197 Da.
For expression of N-terminally truncated SimR (lacking 10, 15, 22 or 25 amino acid residues from the N-terminus), the gene was amplified by PCR using a downstream primer carrying a XhoI site [R2-full-CtagHis-R: Figure 1 . Alignment of the amino acid sequence of SimR with the four other TFRs for which protein-DNA crystal structures are available (DesT, TetR, CgmR and QacR), showing the HTH motif, the core DBD and the N-terminal extension present in SimR, herein termed the TFR arm. For each TFR, amino acid residues that interact with the bases of the cognate DNA operator are highlighted in red, and those that contact the phosphate backbone are highlighted in green. Conserved residues are boxed.
[R2-M10-trunc-F-NdeI (for SimR-Á10): GCCCATATG  ATGCATCCGGAACCGGCCGG;  R2-A15-trunc-F-NdeI (for SimR-Á15): GCCCATATGGCCGGTCGT  CGCAGCGCGCG;  R2-S22-trunc-F-NdeI  (for  SimR-Á22): GCCCATATGAGCCACCGTACCCTGA  GCCG; R2-T25-trunc-F-NdeI (for SimR-Á25): GCCCA  TATGACCCTGAGCCGCGATCAGATTG] . The amplified DNA fragment was 5 0 -phosphorylated, cloned into SmaI-cut pUC18 and verified by DNA sequencing. The simR alleles were excised by NdeI/XhoI digestion and cloned into NdeI-XhoI-cut pET20b, giving rise to the overexpression plasmids pIJ10500 (Á10), pIJ10501 (Á15), pIJ10502 (Á22) and pIJ10503 (Á25). All derivatives of SimR were C-terminally His-tagged and purified as described for wild-type SimR (18) .
Protein crystallization and cryoprotection
Directly after nickel-affinity purification, fractions of full-length SimR were pooled and concentrated using a Vivaspin 6 30-kDa cut-off concentrator (Vivascience) to 10-12 mg ml À1 ($200 mM SimR dimer). The concentrated protein was exchanged into crystallization buffer [25 mM Tris-HCl (pH 8.4), 300 mM NaCl] using a Zeba desalting micro-column (Thermo Scientific). Complementary pairs of DNA oligonucleotides with different lengths (16-21 bp) and ends (blunt or sticky ends) were ordered from Oligos etc Õ and DNA duplexes were reconstituted by annealing oligonucleotide pairs overnight in crystallization buffer at a final concentration of 2 mM.
SimR and annealed oligonucleotides were mixed together in the ratio 1 SimR dimer to 1.2 double-stranded oligonucleotide and incubated at 20 C for 10 min before crystallization screening. Crystallization trials of SimR-DNA were set-up in hanging-drop vapour diffusion format with 48-well VDX plates (Hampton Research) using a variety of commercially available screens (Emerald BioSystems and Hampton Research) at a constant temperature of 20 C. Drops consisted of 1 ml SimR-DNA complex solution mixed with 1 ml precipitant solution and the reservoir volume was 150 ml. Improved crystals were subsequently obtained by refining the successful conditions in a hanging-drop format using 24-well VDX plates (Molecular Dimensions) over a reservoir volume of 1 ml.
SimR-DNA crystals were obtained under several different screening conditions, but only with the blunt-ended 17-mer DNA. The best crystals were obtained from solutions containing 10% (w/v) polyethylene glycol 8000, 0.2 M potassium chloride, 0.1 M magnesium acetate in 0.05 M sodium cacodylate (pH 6.5) 2 weeks after set-up. The crystals belonged to the orthorhombic space group P2 1 2 1 2 1 . The SimR-17-mer crystals were cryoprotected by a three-step transfer process in which ethylene glycol was added to the drop to a final concentration of 20%.
Structure determination and refinement
All crystals were flash-cooled by plunging into liquid nitrogen and then mounted onto the goniostat at beamline 8.3.1 at the Advanced Light Source (Berkeley, CA, USA). The resultant data were integrated using MOSFLM (19) and subsequently scaled by SCALA (20) . Native intensity data were collected from a SimR-17-mer crystal to 2.99 Å resolution. The reflections used to calculate the R-free value were selected in thin resolution shells to avoid bias resulting from the use of non-crystallographic symmetry (NCS) restraints in refinement. The structure of the complex was solved by molecular replacement using the structure of a subunit of C-terminally hexa-histidine-tagged apo SimR (PDB: 2Y2Z) and an idealized B-DNA of the correct sequence as the search models in PHASER (21) . SimR-17mer crystals contained two SimR dimer-DNA complexes in the asymmetric unit. The structure of the complex was then rebuilt in COOT (22) and refined using REFMAC5 (23) and PHENIX (24) with NCS restraints. In the final stages, TLS refinement was used with a total of 20 TLS domains, which were defined using the TLS motion determination server (http://skuld.bmsc.washington.edu/ $tlsmd/) (25) . X-ray data collection and refinement statistics are summarized in Table 1 .
Structural figures were generated using PyMOL (26) . The local DNA helical parameters were calculated using Curves+ (27) . 
, where I i (hkl) is the ith observation of reflection hkl and hI(hkl)i is the weighted average intensity for all observations i of reflection hkl. The R-factors R cryst and R free are calculated as follows: R = P (|F obs À F calc |)/ P | F obs | Â 100, where F obs and F calc are the observed and calculated structure factor amplitudes, respectively. 
Electrophoretic mobility shift assays
The electrophoretic mobility shift assay (EMSA) DNA probe spanning the entire simR-simX intergenic region (138 bp), containing both the O X and O R operators, was amplified by PCR and 5 0 -end labelled using [g 32 -P] ATP and T4 polynucleotide kinase (New England Biolabs). Binding of wild-type or mutated SimR to DNA was carried out in 20 ml EMSA Buffer [20 mM Tris (pH 8.0), 1 mg calf-thymus DNA, 100 mM NaCl, 8% (v/v) glycerol] containing 0.1 nM radiolabelled DNA ($8000 cpm) and varying amounts of SimR. After incubation at 22 C for 10 min, the binding reaction mixtures were loaded on 5% (w/v) native polyacrylamide gels and run in TBE buffer at 100 V for 45 min. EMSA data were collected and analysed on a PhosphoImager (FujiFilm) using Multi Gauge image analysis software (FujiFilm).
DNase I footprinting
Templates for DNase I footprinting were amplified by PCR using one unlabelled primer and one primer 5 0 -end labelled using [g 32 -P] ATP and T4 polynucleotide kinase (New England Biolabs). The primers were the same pair used to generate the simR-simX intergenic region probe for the EMSA experiments. DNase I footprinting assays were performed in 40 ml EMSA buffer containing $180 000 cpm radiolabelled DNA and varying amounts of SimR. After incubation at 22 C for 10 min, 10 ml DNase I solution (10 U in 10 mM CaCl 2 ) was added and the incubation was continued for a further 60 s. Reactions were stopped by adding 140 ml DNase I stop solution (200 mM unbuffered sodium acetate, 30 mM EDTA, 0.15% SDS and 0.1 mg ml À1 yeast tRNA), the samples were precipitated with ethanol and the pellets were dried and dissolved in 5 ml Sequencing Loading Dye [80% (v/v) formamide, 10 mM NaOH, 1 mM EDTA, 0.1% (w/v) xylene cyanol and 0.1% (w/v) bromophenol blue]. After heating at 80 C for 3 min and cooling on ice, the samples were run on a 6% (w/v) polyacrylamide/8 M urea sequencing gel, which was dried and analysed using a PhosphoImager (FujiFilm). A G+A sequencing ladder was generated from the template DNA by chemical sequencing (28) .
Limited proteolysis and protease protection assays
For limited proteolysis assays, 1 nmol of wild-type SimR was incubated with 1 pmol bovine trypsin (Sigma) in a total volume of 100 ml buffer [50 mM Tris (pH 8.0), 20 mM CaCl 2 and 150 mM NaCl] at 4 C. For protease protection assays, 1 nmol wild-type SimR was incubated with equimolar amounts of 15, 25 or 31-mer double-stranded oligonucleotide containing the SimR O X operator in a total reaction volume of 100 ml for 5 min at 4 C before addition of 1 pmol bovine trypsin. The 20 ml samples were then taken at 5-min time intervals. Reactions were stopped by adding SDS-PAGE loading buffer, boiled for 5 min, and analysed using SDS-PAGE. Proteins were transferred to PVDF membrane by electroblotting, stained with Coomasie blue and proteolytically resistant species were identified by N-terminal sequencing at the Protein & Nucleic Acid Chemistry Facility, University of Cambridge.
Global bioinformatic analysis of TFRs
We searched the PFAM database (http://pfam.sanger.ac. uk) for proteins that match the Hidden Markov Model profile PF00440, identifying 23 137 TFR candidates. Protein sequences longer than 300 amino acid residues were removed to eliminate false positives, and highly similar orthologous TFRs were removed using Jalview with a threshold of 99% identity (29) , resulting in a non-redundant set of 12 715 TFRs.
The non-redundant set of TFRs was divided into clusters of 200 sequences using USEARCH and UCLUST (30) . The amino acid sequences of the TFRs in each cluster were then aligned using MUSCLE (31) to identify their N-terminal extensions, which were defined as the amino-acid sequences preceding the conserved core DBDs (Figure 1 ). The globular body of the TFRs was defined by excluding the N-terminal extension from the whole protein sequence. In-house Perl scripts were used to quantify the length of the N-terminal extension and the fractions of R+K or D+E residues within these extensions. The sequences of the N-terminal extensions were concatenated together and submitted to the Regional Order Neural Network (RONN) programme (32) to predict the disorder probability for each residue. QtiPlot (http://soft.proindependent.com/qtiplot.html) was used to produce histograms.
RESULTS AND DISCUSSION
N-terminally truncated SimR derivatives bind DNA with reduced affinity
SimR possesses a 28-residue N-terminal extension that precedes the core DBD, herein termed the TFR arm (Figure 1 ), which carries four arginine residues at positions 18, 19, 22 and 25. This TFR arm is significantly longer than those in DesT, TetR, CgmR and QacR (Figure 1 ), the four TFRs for which DNA-protein crystal structures are available (14) (15) (16) (17) . To determine if the TFR arm of SimR is involved in DNA binding, we made C-terminally His-tagged SimR derivatives with progressively shorter N-terminal extensions and tested them for binding to the simR-simX intergenic region by EMSA. Wild-type SimR and SimR derivatives with 10, 15, 22 or 25 amino acid residues deleted from the N-terminus were overexpressed and purified (Supplementary Figure S1) . Increasing concentrations of protein were incubated with a DNA probe spanning the simR-simX intergenic region and the complexes were resolved on native polyacrylamide gels ( Figure 2 ). The simR-simX intergenic region contains two SimR operators: O R closer to simR, and a higher affinity binding site, O X , closer to simX (9). The lower and upper sets of shifted protein-DNA complexes seen in Figure 2 correspond, respectively, to single and double occupancy of these two SimR-binding sites (9) . SimR DNA-binding affinity was reduced $30-fold when 10 or 15 amino acid residues were deleted from the N-terminus, and was reduced by at least 120-fold when 22 or 25 amino acid residues were removed ( Figure 2 ). These results suggested the TFR arm plays a role in DNA binding.
The TFR arm becomes protease resistant upon DNA binding
The 28-amino acid TFR arm of SimR has a high proportion of disorder-promoting amino acids and is predicted by the Proteins Disorder Prediction System (PrDOS; http://prdos.hgc.jp/cgi-bin/top.cgi) and by the Regional Order Neural Network (RONN; http://www.strubi.ox .ac.uk/RONN) servers to be disordered in solution (Supplementary Figure S2) . Additionally, with the exception of three residues (residues 8-10, here termed the anchor string), this extension is disordered in both monomers in the SimR-SD8 structure, and it is only partially ordered in one monomer in the SimR-SC4 structure (18) . The TFR arm is ordered in the SimR-apo structure, but its structure is the likely result of crystal packing (Supplementary Figure S3) .
Because disordered regions are often hypersensitive to proteolysis (33), we examined the sensitivity of SimR to trypsin. The TFR arm was rapidly digested, leaving a much more stable product with a N-terminus at either residue Ser20 or Ser23 (Figure 3 and Supplementary Figure S4 ). Taken together, these observations suggest that the TFR arm is solvent exposed and displays conformational flexibility in solution in the absence of cognate DNA.
Since many unstructured regions exhibit increased resistance to proteolysis on binding of a partner (33, 34) , we determined the effect of DNA binding on the sensitivity of the TFR arm to trypsin. Addition of 25-or 31-bp DNA duplexes spanning the O X operator substantially decreased the rate of SimR proteolysis, suggesting that DNA binding renders the TFR arm more resistant to trypsin (Figure 3 ). Consistent with this interpretation, proteolysis was not inhibited when a 15-bp O X DNA duplex that is unable to bind to SimR was incubated with SimR ( Figure 3 and Supplementary Figure S5A ). In total, these experiments suggest that the TFR arm transitions from a disordered or conformationally flexible state to a more ordered, rigid state upon DNA binding.
The structure of SimR bound to its DNA operator
To understand how SimR binds to its operator sequence and to shed light on the role of the TFR arm in DNA binding, we crystallized SimR in complex with DNA. We tested DNA duplexes from 17 to 21 bp in length and found that only the minimal, blunt-ended 17-bp duplex crystallized in complex with SimR. The 17-bp DNA duplex used was the O X operator (5 0 -TTCG TACGGTGTATGAA-3 0 ), but carrying 2 bp changes to generate a near perfect inverted repeat (5 0 -TTCGTACG GCGTACGAA-3 0 ), which bound SimR at least as tightly as the wild-type 17-bp DNA duplex (Supplementary Figure S5B) . We solved the structure of full-length SimR (residues 1-259) in complex with this 17-bp DNA duplex to 2.99 Å resolution ( Figure 4A ). X-ray data collection and refinement statistics are summarized in Table 1 . The asymmetric unit contained two SimR dimers, each bound to a 17-bp DNA duplex. The two SimR dimer-DNA complexes are essentially identical [root mean square deviation (RMSD) between complexes for the Ca backbone = 0.15 Å ], and thus only one complex is discussed throughout ( Figure 4A ). The conformation of bound DNA is mostly regular B-form but is bent away from the SimR dimer by $15 (see below and Supplementary Figure S10A) . The bases at the end of adjacent DNA duplexes stack and interact to form a pseudo-continuous double-helical DNA filament running through the crystal ( Figure 4B and Supplementary Figure S6) .
Interactions between the HTH motif and the major groove
The core DBD is composed of helices a1-a3 (residues 29-67). Helix a2 (residues 49-58) and the recognition helix a3 (residues 61-67) form the HTH motif which packs against a1 for stabilization ( Figure 4A) . Surprisingly, the recognition helix makes no canonical hydrogen bonds with the bases. However, the side chain of Met62 makes a series of contacts to three different bases including van der Waals to C3 (Cb to C 5 ), and an uncommon electrostatic interaction between the S atom and the face of the base of T12, which is analogous to S stacking over the aromatic side chains of tryptophan, histidine and phenylalanine (35) ( Figure 5 ). This interaction is buttressed by van der Waals contacts to the C 7 methyl group of T12. The S atom of Met62 also accepts a hydrogen bond from the N 6 hydrogen bond donor of A13. Another key interaction involved in the DNA sequence recognition mechanism of SimR is the stacking of the side chain of residue Tyr66 with the C 7 exocyclic methyl groups of T1 and T2. This interaction explains in great part why SimR has a higher affinity for the O X operator, which has this pair of thymines, than for O R , which has a pair of guanines at these positions (9) . The dominant recognition helix interactions are with the phosphate backbone. For each operator half-site, there are hydrogen bonds between the hydroxyl group of Ser63 and the phosphate group of C3, between the hydroxyl group of Tyr65 and the phosphate group of T12 and between Tyr67 and the phosphate group of T2 ( Figure 5 ). Just outside helix a3, the backbone NH group of Gly60 hydrogen bonds with the phosphate group of C3. On binding DNA, the recognition helix adopts a 3 10 helical conformation, in contrast to the canonical a-helical conformation seen in the structures of SimR-apo and SimR-simocyclinone complexes (9) . This conformational alteration in the recognition helix on DNA binding is also observed in TetR, and is believed to facilitate intimate interaction with the DNA (16). Three residues in helix a2 contribute to DNA binding, with the side chain hydroxyl group of Ser49 forming a hydrogen bond with the phosphate backbone of C10 and the backbone NH group of Met50 forming a hydrogen bond with the phosphate backbone of G11 ( Figure 5 ). The guanidinium group of Arg51 is involved in direct base recognition by bifurcated hydrogen bonds from the NZ 2 atom to the O 6 and N 7 acceptors of G11. Other interactions between SimR and the major groove are hydrogen bonds between the amino group of Lys71 and the phosphate group of G11, and between the backbone NH group of Lys71 and the phosphate group of T12. Lys71 lies at the N-terminus of helix a4 at the very beginning of the LBD, just outside the core HTH motif of the DBD. This residue is highly conserved among TFRs and the equivalent lysine in TetR also forms a hydrogen bond with the phosphate backbone (16). TFRs frequently rely on phosphate backbone contacts to mediate interaction with the DNA. In an extreme case, the DesT-DNA interface involves 11 phosphate backbone contacts but only two specific interactions with a pair of guanine bases within each half site (15) . In contrast, TetR and QacR make extensive direct hydrogen bond contacts with the bases (16, 17) . In this sense, SimR is perhaps more similar to DesT than to TetR or QacR in its DNA sequence recognition mechanism. Thus, although the overall structure of the DBD in TFRs is conserved, it is clear that the mode of operator recognition differs from one member of the TFR family to another (14) (15) (16) (17) . TFRs recycle conserved residues and inventively employ non-conserved ones within the DBD for either base-specific hydrogen bond formation or for phosphate backbone contacts (Figure 1 ). It seems that there is no deterministic set of rules for TFR-DNA recognition.
Interactions between the TFR arm and the minor groove
If the structure of a single SimR-DNA complex is viewed in isolation, it can be seen that the TFR arm does not make contact with the cognate DNA duplex ( Figure 4A) . Instead, the TFR arm binds the minor groove of the adjacent DNA duplex in the pseudofilament ( Figure 4B ). This binding to the minor groove is mediated through arginine residues that sit at the tip of the TFR arm ( Figures 5B and 6) . Specifically, the NZ 2 atom of the guanidinium group of Arg18 forms a hydrogen bond with the O 2 of C3, while the NZ 1 atom interacts with the O 2 of T2. In addition, the guanidinium group of Arg22 forms two salt bridges to the phosphate backbone of C3 and G4 (Figures 5B and 6 ). The electropositive side chain of Arg18 is deeply buried in this minor groove (Figure 6 ), where the electronegative potential of the phosphate backbone is focused (36, 37) . This helps anchor the tip of the TFR arm in the minor groove.
A third arginine in the flexible TFR arm, Arg19, does not contact DNA in the structure reported here ( Figure 6 ). However, given the non-covalent nature of the DNA pseudo-filament, we considered the possibility that Arg19 might be involved in DNA binding in truly continuous double-stranded DNA. To examine this possibility, we mutagenized Arg19 to alanine and assayed the resulting protein for its ability to bind to the simR-simX intergenic region by EMSA. SimR R19A-bound DNA with an affinity equal to that of wild-type SimR (Supplementary Figure S7) , suggesting Arg19 does not contribute to DNA binding. In contrast, when we constructed SimR R18A and SimR R22A variants, we found that each exhibited an approximate 15-fold reduction in binding affinity (Supplementary Figure S7) , consistent with roles for R18 and R22 in DNA binding, as suggested by the structure of the SimR-DNA complex.
Initially, it was difficult to understand why SimR variants lacking just 10 or 15 N-terminal amino acid residues should have reduced DNA-binding affinity, given that they retain the interacting arginine residues. In the previously solved structures of apo-SimR and SimR-ligand complexes, although the TFR arm is mostly disordered, residues 8-10, herein termed the anchor string, are always visible in electron density maps (18) , probably because this string of amino acid residues is stabilized by van der Waals interactions with the cleft between the LBD and the DBD. It therefore seems likely that this short segment, highlighted in red in Figure 4 , serves as an anchoring point for the TFR arm to loop back onto the body of SimR. This arrangement may be important for restricting the flexibility of the TFR arm, so that it is poised appropriately to interact with the minor groove. Deleting 10 or 15 amino acids from the N-terminus would remove this anchor point, destabilizing loop formation and reducing DNA-binding affinity. The more severe deletions, removing 22 or 25 amino acids, further reduce binding affinity because they remove the interacting arginine residues themselves.
In the crystal structure of the SimR-DNA complex, the TFR arm is seen in one SimR subunit but is disordered in the other subunit (Figure 4) . From an inspection of the end-to-end base stacking between adjacent DNA duplexes within the crystal, it is clear that the two ends are not equivalent. The stacking at the right-hand end (as viewed in Figure 7 ) allows the neighbouring DNA strands to transit smoothly across the gap, producing a relatively normal minor groove. However, on the left-hand end the strands veer away to avoid a steric clash while maintaining base pair stacking, producing a much wider minor groove (Figure 7) . It seems likely that the TFR arm is unable to interact with this 'abnormal' minor groove and is therefore disordered in the crystal. In the structure of the SimR-17-mer duplex, apart from the interaction of the anchor string with the body of SimR, the only contacts made by the TFR arm are with the minor groove of DNA (Figure 4 and Supplementary Figure S6 ). Based on the crystal structure of the SimR-DNA complex and the results of the proteolysis protection assays, we propose that the TFR arm transitions from a disordered or conformationally flexible state to a more ordered state upon binding to its cognate DNA.
N-terminally truncated SimR derivatives have a smaller footprint on DNA than wild-type SimR
We used DNase I protection to compare the footprints of wild-type SimR and the N-terminally truncated SimRs on the O X and O R operators in the simR-simX intergenic region ( Figure 8A ). In each case, saturating amounts of SimR protein were used to ensure complete protection of the binding sites. The footprint for wild-type SimR was comparable with that reported previously (9) . In contrast, in the footprints generated using the N-terminally truncated SimR proteins, the edge of the protected region retracted at both ends of the footprint when compared to the footprint of full-length SimR (Figure 8) . Specifically, when N-terminally truncated proteins were used, on the upper DNA strand the O R footprint retracted by two base pairs at the left edge and by one base pair at the right edge (Figure 8 ). No retraction of the O R footprint was apparent on the lower DNA strand. When N-terminally truncated proteins were used, on the upper DNA strand the left edge of the O X footprint retracted by 1 bp, while no retraction was apparent at the right edge (Figure 8 ). On the lower DNA strand, the O X footprint receded by 1 bp at both ends. These observations indicate that the TFR arm sterically hinders DNase I, protecting additional phosphodiester bonds from cleavage by the nuclease. Each SimR mutant protein produced the same footprint, regardless of whether 10, 15, 22 or 25 amino acids had been deleted from the N-terminus, consistent with the idea that residues 8-10, (i.e. the anchor string), are needed for the TFR arm to be fully functional, as discussed above. Note that the retraction of the footprint occurs at both ends of the operator, suggesting that the TFR arms of both monomers in the SimR dimer function in solution.
We also performed a complementary experiment to determine the binding affinity of wild-type SimR to three DNA duplexes of different lengths (15, 17 and 23 bp) spanning the O X inverted repeat sequence. The 23-bp duplex bound SimR more strongly than the minimal 17-bp duplex, showing that DNA flanking the core 17-bp inverted repeat contributes to SimR binding (Supplementary Figure S5A) . The 15-bp duplex failed to bind SimR (Supplementary Figure S5A) . In addition, although the minimal 17-bp duplex binds to SimR relatively well (Supplementary Figure S5A) , it is unable to protect the TFR arm of SimR from tryptic digestion, while a 23-mer reduced the rate of proteolysis considerably (Supplementary Figure S8) . Taken together, these observations suggest that, in solution, the TFR arm interacts with DNA outside the core 17-bp O X operator, consistent with the SimR-DNA structure, which shows dimer-DNA interactions spanning 21 bp.
Among the five TFRs for which protein-DNA crystal structures are available (DesT, TetR, CgmR, QacR and SimR; Figure 1) , only SimR possesses a flexible TFR arm that undergoes a transition to an ordered state upon DNA binding. DesT has a 12 amino acid residue N-terminal extension (Figure 1 ) but it is not disordered, instead forming part of an extended helix a1. Residues Arg5 and Lys9 of this short N-terminal extension in DesT nevertheless contribute to DNA binding (15) , which is unusual because the main role of helix a1 is in stabilizing the HTH motif (a2-a3). Residues N-terminal to the core DBD in two other TFRs, Neisseria gonorrhoeae MtrR (11 amino acids) and Streptomyces coelicolor ActR (32 amino acids) have also been suggested to be involved in DNA binding (38, 39) , implying a possible common role for TFR N-terminal extensions when present (see also the global TFR bioinformatic analysis presented below). Similar kinds of extensions have been identified in at least two other families of DNA-binding proteins. For example, members of the eukaryotic Hox family recognize nearly identical major groove sequences through the recognition helix of their homeodomain but use an extended arm to insert into the minor groove to enhance binding specificity (40) . A related example is phage lambda repressor, which has a conventional HTH motif and an additional N-terminal extension that promotes DNA binding, in this case by interacting with the major groove (41) . A comprehensive analysis of all available protein-DNA structures has shown that the binding of arginine residues to narrow minor grooves is a widely used mechanism in protein-DNA recognition. This readout mechanism exploits the fact that narrow minor grooves, often associated with A-tracts, strongly enhance the negative electrostatic potential of the DNA (36, 37) . However, it should be noted that the minor groove bound by the TFR arm of SimR is not associated with an A-tract, and has a slightly enlarged width with respect to canonical B DNA (Supplementary Figure S10C) .
The arginine-and lysine-rich TFR arm is likely to be a common feature of TetR family members
We searched the PFAM database (http://pfam.sanger.ac .uk/) for proteins that match the Hidden Markov Model profile PF00440, identifying 12 715 non-redundant TFRs (see Materials and methods for further details). The amino acid sequences of these TFRs were then aligned using MUSCLE (31) to identify the core DBD and any N-terminal extension. Twenty-eight per cent had N-terminal extensions of less than 10 amino acids, 44% had N-terminal extensions of 11-20 amino acids, 17% had N-terminal extensions of 21-30 amino acids and 11% had N-terminal extensions >31 amino acids. Further, the fraction of Arg and Lys residues in these N-terminal extensions (mean value = 20.5%) was almost double the frequency found in the globular body of the TFRs (mean value = 11.4%) (Supplementary Figure S9A) . Finally, the RONN server predicts that the majority of these N-terminal extensions are likely to be disordered in solution (Supplementary Figure S9B) . It therefore seems likely that a conformationally malleable, DNA-binding N-terminal extension is a common feature of TFRs.
DNA bending induced by SimR binding
DNA helical parameters were analysed using the Curves+ programme (27) . The overall conformation of the 17-bp duplex is B-DNA, with an average helical twist of 33.7 (compared to a helical twist value of 36.0 for an idealized B-form DNA). It should be noted that individual steps might show significant deviations from the average value. The global bending of DNA is $15 Figure S10A) . Since bending is most affected by the base step roll and twist angles (42), we plotted the roll and twist angles against the base steps to pinpoint the source of bending (Supplementary Figure  S10B) . There are two significant positive rolls (10-10.7 ) centred around base steps 6-7-8 in the operator half-site and symmetrically around steps 9-10-11 of the opposite half-site (Supplementary Figure S10B) . The increase in roll angle coincides with the decrease in twist angle (26.7-26.9 ) (Supplementary Figure S10B) . The average global roll and twist angles are 2.9 and 33.4 , respectively. Thus local kinks around those base steps produce a global bend in the DNA, rather than a smooth bending. Moreover, there is a significant increase in the width of the minor groove from base step 6 through to base step 12, while the major groove width is just below the value for an idealized B-form DNA (Supplementary Figure S10C) . Since the average distance between the two recognition helices in the SimR-DNA complex is 36.8 Å [assessed as the distance between the Ca atom of Tyr65 in each subunit (13) ], greater than the distance between two consecutive major grooves in idealized B-DNA (34 Å ), it is likely that the bending and the unwinding of the central DNA steps might be necessary for optimal positioning of the HTH motifs in adjacent major grooves. Lastly, although the sequence of the 17-bp duplex used in this study is a perfect inverted repeat with the exception of the central GC base pair, the groove width and roll parameters are not symmetrical across this central base pair. This reflects the non-equivalent end-to-end interactions between neighbouring DNA duplexes described above (Figure 7) .
Comparison of the SimR-DNA and SimR-simocyclinone complexes suggests the mechanism of derepression In a previous report, we speculated about the mechanism of simocyclinone-mediated derepression, based on a comparison of the structures of SimR-apo and the SimR-SD8 complex (18) . However, it was apparent that SimR-apo had not crystallized in its DNA-binding form, since the distance between its recognition helices was 42.3 Å , a spacing incompatible with binding to two consecutive major grooves (18) . Moreover, this spacing was comparable to the corresponding value of 41.7 Å obtained for the SimR-SD8 complex. Indeed, TFR apo-proteins in general do not crystallize in their DNA-binding form (13) . The helix separation obtained for SimR-DNA was significantly shorter at 36.8 Å (averaged over the two complexes in the asymmetric unit), this value lying within the range of 34.7-38.8 Å observed in other TFR-DNA complexes (13, 15) . The major structural differences between the repressed, DNA-bound conformation of SimR and the derepressed, SD8-bound conformation, result from a 16 rotation of the subunits relative to one another roughly about the centre of the dimer interface ( Figure 9 and Supplementary Figure S11) . This re-defines many of the inter-subunit contacts, although the interface areas remain similar at 2795 and 2640 Å 2 for SimR-SD8 and SimR-DNA, respectively [as calculated by the Protein Interactions, Surfaces and Assemblies server (PISA, http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html) (43) ]. However, five reciprocated inter-subunit hydrogen bonds (i.e. 10 in total) are preserved between the two conformational states. These link the C-terminal end of a8 and the a9-a10 wrapping arm to the LBD of the adjacent subunit. As a consequence, when the subunits rotate, the a9-a10 wrapping arm moves with the adjacent subunit and the C-terminal end of a8 bends (Supplementary Figure S11) . Pair-wise superpositions of individual subunits taken from the SimR-SD8 and SimR-DNA structures based on the subunit cores (i.e., inclusive of residues 29-168 plus 222-247 and exclusive of the TFR arm, the C-terminal end of a8 and the a9-a10 wrapping arm) gave RMSD values in the range 0.85-0.96 Å , indicating that the cores move essentially as rigid bodies at the protein backbone level and, importantly, there is no significant re-orientation of the DBD with respect to the LBD, in contrast to the 'pendulum-like' motion seen in TetR (Supplementary Figure S12) (12, 16) . Nevertheless, the crystal structures do not convey the dynamic behaviour of the system and, as has been illustrated for other TFRs (13, 44) , in the absence of ligands or DNA, the protein is generally highly flexible and capable of sampling a variety of conformations, presumably including those akin to both the ligand-and DNA-bound states. The binding of SD8, a relatively hydrophobic molecule, contributes to the hydrophobic core of the SimR dimer; this will have a stabilizing effect on the overall structure, locking it into a relatively rigid, low-energy state. Moreover, the combination of the threading of the ligand through both subunits and the projection of the side chain of Arg122 into the opposing subunit contribute to the rigidification of the system (18) . The flexibility of the apo form is important to enable the TFR arms and the recognition helices to engage optimally with the DNA. The resulting favourable protein-DNA interactions will have a stabilizing effect on this conformation of SimR. Moreover, in the DNA binding Figure 9 . Structures of SimR-simocyclinone and SimR-DNA together with schematic representations illustrating the rigid-body rotation of the subunits relative to one another. In order to emphasize the subunit rotation, the grey coloured subunits are shown fixed in the same relative orientations. This can be clearly seen in the side view where the green subunit rotates by $16 relative to the grey subunit; the approximate pivot point is indicated by the asterisk (see also Supplementary Figures S11 and S12) . The distances separating the recognition helices a3 and a3 0 in the two structures are indicated.
conformation, the repositioning of the C-terminal end of helix a8 appropriately places it to make salt bridges to the DBD of the same subunit and to that of the opposing subunit, specifically between Arg179 and Glu46, and between Arg180 and Glu72, respectively. These interactions, not present in the SD8-bound form, will further stabilize the DNA-bound conformation of SimR.
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Coordinates and structure factors for the SimR-DNA structure described herein have been deposited in the Protein Data Bank with accession number 3ZQL.
